ABSTRACT The addition of microbial phytase to diets for broiler chickens has been shown to improve the availability of phytate P, total P, some other minerals, and amino acids. In this study, the effect of a novel microbial phytase expressed by synthetic genes in Aspergillus oryzae on amino acid and mineral availability was assessed. Phytase was incorporated (1,000 and 2,000 U/kg) into low-P corn-soybean meal-based diets for broilers. Broilers received the experimental diets for 3 wk, and excreta were collected from d 18 to 21 for the determination of AME and mineral retention. On the 22nd day, the broilers were killed and the left leg removed and ileal digesta collected. Ileal phytate P and total P absorption, ileal amino acid digestibility, as well as the bone mineral content and bone mineral density were determined. Ileal phytate P absorption and absorbed phytate P content of the low-P corn-soybean meal diet were significantly (P < 0.05) higher after dietary inclusion of the novel phytase (49-60% and 65-77% higher, respectively). Apparent ileal total P absorption and apparent total P retention was 12 to 16% and 14 to 19% higher (P < 0.05), respectively, after dietary inclusion of phytase. The bone mineral content and bone mineral density in the tibia were 32 to 35% and 19 to 21% higher (P < 0.05), respectively, after dietary phytase inclusion. The apparent ileal digestibility of threonine, tyrosine, and histidine increased significantly (P < 0.05) by 14, 9, and 7%, respectively, after dietary inclusion of microbial phytase. Overall, the inclusion of a novel microbial phytase into a low-P corn-soybean meal diet for broiler chickens greatly increased phytate P and total P absorption, bone mineral content and density, as well as the digestibility of some amino acids.
INTRODUCTION
Phytate (inositol hexaphosphate), which is present in many plant-based feedstuffs, is the main phosphorus store in plants (Cosgrove, 1980) . Moreover, the bioavailability of phosphorus present in phytate is generally poor (Camden et al., 2001; Rutherfurd et al., 2002) . In addition, phytate can complex divalent cations as well as amino acids and proteins, and when present in diets for monogastric animals, can reduce the digestibility and absorption of the latter nutrients.
Phytase is an enzyme that dephosphorylates phytate and falls into 2 main categories: phytases of fungal origin, such as those from Aspergillus or Peniophera species, or phytases of bacterial origin, such as those from Escherichia coli. Both fungal-and bacterial-derived phytases are commonly added to broiler diets and have been shown in some studies to improve the bioavailability of phosphorus (Camden et al., 2001; Rutherfurd et al., 2004a; Cowieson and Adeola, 2005) , other minerals (such as calcium, magnesium, potassium, and zinc; Ravindran et al., 2008; Santos et al., 2008; Saima et al., 2009) , and amino acids, but particularly threonine (Sebastian et al., 1997; Camden et al., 2001; Rutherfurd et al., 2004a) . Although not all studies investigating the impact of dietary phytase supplementation on the bioavailability of minerals other than P and on the bioavailability of amino acids show improvements. For example, for calcium, Um et al. (2000) reported no improvement in availability, whereas for amino acids Camden et al. (2001) reported increases in ileal tyrosine and histidine digestibility with dietary phytase inclusion, but Rutherfurd et al. (2004a) and Zhang et al. (1999) observed no such effect. In addition, and where ileal amino acid digestibility has been found to increase with microbial phytase supplementation, the extent to Effect of a novel phytase on growth performance, apparent metabolizable energy, and the availability of minerals and amino acids in a low-phosphorus corn-soybean meal diet for broilers which digestibility increases varies across amino acids, depending on the study. For example, Santos et al. (2008) reported cysteine as the most affected amino acid in one study, whereas threonine appears to be the most affected amino acid in other similar studies (Sebastian et al., 1997; Camden et al., 2001 ). There are 2 classes of phytase that have been differentiated based on the first phosphate group in the phytate molecule to undergo phytase attack. The 3-phytases initially attack the carbon in the third position, whereas 6-phytases initially attack the carbon atom in the sixth position. Phytases from different sources and even from the same source can have different pH optima, heat stability, and catalytic properties (Konietzny and Greiner, 2002) . Furthermore, when microbial phytases from different sources are included into diets for intensive livestock their efficacy in vivo can vary in comparison to their assayed activity because the activity at pH 2 to 3 (as is present in the stomach) compared with pH 5.5 (the pH at which phytase is routinely assayed) varies across phytases of different origin (Greiner and Bedford, 2010) . Recently, a new 6-phytase had been prepared via the expression of synthetic genes in Aspergillus oryzae (Aureli et al., 2011) . The efficacy of this novel phytase in broilers with respect to growth performance, P and Ca utilization, and tibia strength and tibia ash content has been reported using a low-P corn-soybean meal-based broiler diet (Aureli et al., 2011) . The aim of the present study was to examine the effect of dietary inclusion of the same novel 6-phytase on phytate P availability, mineral retention, bone mineral density, and ileal amino acid digestibility in a low-P corn-soybean diet in broiler chickens.
MATERIALS AND METHODS
Growth performance, AME, bone mineral density, toe ash, the ileal phytate P and total phosphorus absorption, apparent fecal mineral retention, and true and apparent ileal amino acid digestibility were determined in broiler chickens receiving either an adequate-P (formulated to contain 0.45% available P) corn-soybean meal diet (positive control) or a low-P (formulated to contain 0.35% available P) corn-soybean meal diet containing either no phytase (negative control) or the novel microbial phytase [Ronozyme HiPhos (GT), Novozymes A/S, Bagavaerd, Denmark] supplemented at 2 dietary concentrations (100 g/t and 200 g/t) representing one times and 2 times the manufacturers recommended inclusion level and resulting in predicted dietary phytase activities of 1,107 U/kg and 2,215 U/kg, respectively. Ronozyme HiPhos (GT) is a 6-phytase that is produced by the expression of synthetic genes that have been incorporated in Aspergillus oryzae. The genes are synthesized based on the protein sequence of the phytase enzyme in Citrobacter brakii (ATCC 5111; Lichtenberg et al., 2011) . The ingredient compositions of the 4 experimental diets are given Table 1 and the calculated nutrient compositions in Table 2 . Phytase activity of the microbial phytases was determined before addition to the diets using the method described by the International Organization for Standardization (ISO, 2009) . Titanium dioxide was included in each diet as an indigestible marker.
In Vivo Trial
This study was approved by the Animal Ethics Committee, Massey University, Palmerston North, New Zealand. In total, 240 one-day-old Ross male broiler chicks were randomly allocated to one of the 4 experimental diets such that there were 60 birds per diet. The birds were group-housed in wire cages with 6 birds per cage and 10 cages (the experimental unit) per treatment in a controlled room with 20L:4D and at a temperature of 31 ± 2°C on the first day, which was reduced to 21 ± 2°C by d 21. Water was available at all times. The birds were weighed at the start of the trial and then weekly thereafter. The experimental period for the growth study lasted for 21 d, and during this time and up to 1600 h on d 21, the birds were fed ad libitum. Feed intake was recorded weekly over the experimental period and also over a 4-d period from d 18 to 21 to permit the determination of the apparent energy metabolizability (AEM) and AME of the diets and mineral retention (using the total collection method). Total excreta were collected for each cage from d 18 to 21 of the trial (4-d collection). The excreta were freeze-dried and stored at −20°C before analysis for gross energy and minerals.
On d 22, the broilers were killed by a lethal injection of sodium pentobarbitone (Pentobarb 300, Southern Veterinary Supplies, Christchurch, New Zealand) and the left leg removed to obtain bone and toe samples. The body cavity was then opened and terminal ileal digesta collected as described by Ravindran et al. (1999) . Ileal digesta were pooled across all birds housed within the same cage before being freeze-dried and stored at −20°C, ready for chemical analysis. The diets and ileal digesta samples were analyzed for phytate P, total P, amino acids, total nitrogen, and titanium dioxide contents.
Chemical Analysis
Amino acid content was determined as described by Rutherfurd et al. (2012) . The total nitrogen content was determined on a LECO analyzer (LECO Corp., St. Joseph, MI) using the Dumas method, and CP was calculated as the total nitrogen content multiplied by 6.25. The titanium dioxide content was determined based on the method of Short et al. (1996) and phytate P was determined using the method of Rutherfurd et al. (2004b) . Total P was determined in the diets and digesta after hydrolyzing the samples in an H 2 SO 4 :HNO 3 :H 2 O (1:1:1) solution before being determined spectrophotometrically after reaction with ammonium molybdate and amino-naptholsulfonic acid (Rutherfurd et al., 2004b) . The mineral content (Na, P, K, Ca, Mg, Fe, Cu, and S) of the diets and excreta were determined using inductively coupled plasma mass spectrometry. Bone mineral content (BMC) and bone mineral density (BMD) were determined in the left leg bones for each bird using a Hologic Discovery A bone densitometer (Bedford, MA), and toe ash of the left middle toe between the second and third tarsal bones (Wu et al., 2004) was determined gravimetrically after ashing at 500°C using a muffle furnace.
Data and Statistical Analysis
Ileal nutrient flows were calculated as follows (units are mg/kg of DM):
Ileal flow (mg/kg of DM intake; DMI) = Ileal content × Diet titanium content/Ileal titanium content. The amount of phytate P disappearance at the terminal ileum, ileal total P absorption, and true ileal amino acid digestibility was calculated as described by Rutherfurd et al. (2004a) .
The apparent mineral retention was calculated as follows: The AME of the diets was calculated as follows (units are kcal/kg): AME = Gross energy Diet × AEM (%).
Data were analyzed statistically using ANOVA (GLM procedure; SAS Institute, 1999) followed by orthogonal contrast analysis where statistically significant (P < 0.05) differences between means were observed.
RESULTS

Growth Performance, AEM, and AME
Over the entire 3-wk period, the feed intake and weight gain were lower (P < 0.05) for the birds fed the unsupplemented low-P diet compared with the adequate-P diet (Table 3) . Furthermore, there was an increase (P < 0.01) in feed intake and weight gain but no effect (P > 0.05) on the feed intake to weight gain ratio for the birds fed the phytase (100 g/t)-supplemented low-P diet compared with unsupplemented low-P diet such that performance was equal to that of the adequate-P diet. There was no difference (P > 0.05) between supplementing with 100 g/t or 200 g/t of phytase with respect to feed intake or weight gain. For AEM, there was no difference (P > 0.05), but AME differed (P < 0.05) across treatments, although the differences were small (<2%).
Toe Ash, BMC, and BMD
The toe ash content and all BMC and BMD measurements for the birds fed the low-P diet supplemented with either 100 or 200 g/t of phytase were higher (P < 0.001) compared with the unsupplemented low-P diet and were not different (P > 0.05) from the birds fed the adequate-P diet (Table 4 ). In addition, there was no difference (P > 0.05) between the 2 phytase-supplemented low-P diets with respect to toe ash content and all BMC and BMD measurements.
Phosphorus
True ileal phytate P absorption and true ileal absorbed phytate P content were not different (P > 0.05) between the adequate-P diet and the unsupplemented low-P diet (Table 5) . However, dietary supplementation with phytase increased (P < 0.001) true ileal phytate P absorption and ileal absorbed phytate P content in comparison not only with the unsupplemented low-P diet but also the adequate-P diet. There was no difference (P > 0.05) between the 2 phytase inclusion levels with respect to phytate P absorption or absorbed phytate P content.
Apparent and true ileal total P absorption of the phytase-supplemented low-P diets was higher (P < 0.01) compared with the unsupplemented low-P diet for both dietary phytase concentrations. In addition, apparent and true ileal total P absorption were not different (P > 0.05) between the phytase-supplemented low-P diet and the adequate-P diet. Apparent total P retention was higher (P < 0.001) for the phytase-supplemented low-P diets compared with both the unsupplemented low-P diet and the adequate-P diet.
The apparent and true ileal absorbed total P contents were lower (P < 0.05), and apparent total P retention higher (P < 0.05), for the unsupplemented low-P diet compared with the adequate-P diet. However, there was no difference (P > 0.05) between the apparent and true ileal total P absorption and the apparent retained total P content of the unsupplemented low-P diet and the adequate-P diets.
Apparent and true ileal absorbed total P contents of the phytase-supplemented low-P diets (both dietary phytase concentrations) were higher (P < 0.001) than for the unsupplemented low-P diet but not different (P > 0.05) from that of the adequate-P diet. Appar-ent retained total P content was higher (P < 0.001) for the phytase-supplemented low-P diets (both dietary phytase concentrations) compared with the unsupplemented low-P and adequate-P diets.
The amount of P present in the excreta was approximately 32% lower for the birds fed the phytase-supplemented low-P diets compared with the birds fed the adequate-P diet.
Mineral Absorption and Retention
In addition to P, the apparent retention and apparent retained content of other minerals was determined for each of the experimental diets (Table 6 ). There was no difference (P > 0.05) between treatments for the apparent retention of K and Fe nor the retained Fe content. When compared with the unsupplemented low-P diet, supplementation with phytase (200 g/t) increased (P < 0.01) the apparent retention of Ca, Mg, and S and the apparent retained content of Ca, Mg, Na, and S. Supplementation with 100 g/t of phytase increased (P < 0.05) the apparent Ca retention and apparent retained Ca content only, when compared with the unsupplemented low-P diet. There was no difference (P > 0.05) between the adequate-P diet and the low-P diet supplemented with 200 g/t phytase with respect to the apparent retention of Mg, Na, and S and the apparent retained content for S. In contrast, the apparent mineral retention of Ca, Cu was 11% and 141% higher, respectively, and the apparent retained mineral content of Ca, Table 3 . Mean 1 feed intake, weight gain, feed to weight gain ratio, apparent energy metabolizability (AEM), and AME for the broiler chickens fed the experimental diets Mg, and Cu was 25, 15, and 180% higher (P < 0.05), respectively, for the 200 g/t phytase-supplemented low-P diet compared with the adequate-P diet. Apparent Na retention and apparent retained Na content were 9% and 27% lower (P < 0.01), respectively, for the 200 g/t phytase-supplemented low-P diet compared with the adequate-P diet. The apparent mineral retention of Ca and the apparent retained Ca content was 7% higher (P < 0.05) for the 100 g/t phytase-supplemented low-P diet compared with the adequate-P diet. In contrast, the apparent mineral retention of Na was 11% lower (P < 0.05) and the apparent retained mineral content for Na, K, and S was 34, 11, and 4% lower (P < 0.05) respectively for the 100 g/t phytase-supplemented low-P diet compared with the adequate-P diet.
Amino Acids
Apparent and true ileal CP and amino acid digestibility were determined for each of the 4 dietary treatments (Table 7 and 8). There was no difference (P > 0.05) across treatments for apparent or true ileal CP digestibility. However, there was a difference (P < 0.05) across treatments for the apparent ileal digestibility of all of the amino acids. The apparent ileal digestibility of most amino acids was not different (P > 0.05) Table 5 . Mean 1 true ileal phytate P absorption, true ileal absorbed phytate P content, apparent and true 2 ileal total P absorption, apparent and true 2 ileal absorbed total P content, apparent total P retention 3 and apparent retained total P content 3 for the four experimental diets 2 Apparent ileal total P absorption values were corrected to true values using endogenous total P flows determined by Rutherfurd et al. (2004a) . 3 Based on dietary total P content and the total P present in the excreta. **0.01 > P > 0.001; ***P < 0.001. *0.05 > P > 0.01; **0.01 > P > 0.001; ***P < 0.001.
between the adequate-P and low-P diets; but, serine, glycine, valine, methionine, and lysine were the exceptions, although the actual differences for lysine and serine were small (<3% units). For aspartic acid, alanine, leucine, and tryptophan, the apparent ileal digestibility of the phytase-supplemented diets (either dietary phytase concentration)
was not different (P > 0.05) from that of the unsupplemented low-P diet. For threonine, isoleucine, tyrosine, histidine, and lysine, apparent ileal digestibility for the phytase-supplemented diets (both dietary phytase concentrations) was higher (P > 0.05) than that for the unsupplemented low-P diet, although the difference was small (<3% units) for lysine. For serine, glutamic 2 Endogenous flows were determined using the enzyme hydrolyzed protein/ultrafiltration method (Moughan et al., 1990; Butts et al., 1991) reported by Rutherfurd et al. (2004a) .
3 NS not significant P > 0.05.
*0.05 > P > 0.01; **0.01 > P > 0.001; ***P < 0.001.
acid, glycine, phenylalanine, and arginine, the low-P diet containing the higher concentration of dietary phytase had a higher (P < 0.01) apparent ileal digestibility when compared with the unsupplemented low-P diet, but the low-P diet containing the lower dietary phytase concentration did not. However, the differences were small (<3% units) for glutamic acid, phenylalanine, and arginine. For cysteine, the apparent ileal digestibility of the phytase-supplemented diets (both dietary phytase concentrations) was lower (P < 0.001) than that of the unsupplemented low-P diet. For valine, the lower concentration of dietary phytase led to a higher (P < 0.001) apparent ileal digestibility when compared with the unsupplemented low-P diet, but the higher dietary phytase concentration did not. The trends observed for the apparent ileal amino acid digestibility values were generally reflected in the true ileal amino acid digestibility values in that the greatest positive effect of phytase on amino acid digestibility was observed for threonine, isoleucine, tyrosine, and histidine, whereas a negative effect was observed for cysteine.
DISCUSSION
Growth Performance, AEM, and AME Dietary inclusion of a novel microbial phytase into a low-P diet (1,000 to 2,000 U/kg) improved broiler weight gain and feed intake by approximately 8%. Other studies have reported 6 to 11% increases in weight gain for similar phytase-supplemented diets (500 and 1,000 U/kg; Sebastian et al., 1997; Camden et al., 2001; Ravindran et al., 2008) . In contrast, greater increases (60-80%) in broiler weight gain have been observed after dietary inclusion of larger amounts of phytase (1,500 and 12,000 U/kg; Shirley and Edwards, 2003) , and no change in weight gain was observed after inclusion of 600 U/kg of phytase (Zhang et al., 1999) . Aureli et al. (2011) examined the same novel phytase that has been investigated in the present study and reported improvements in weight gain and feed conversion ratio of up to 125% and 37% respectively for broilers fed a low-P corn-soybean meal diet supplemented with between 500 and 2,000 U/kg phytase. These later improvements are considerably greater than those observed in the present study. However, the birds receiving the unsupplemented low-P diet in the study of Aureli et al. (2011) appeared to have a very poor feed conversion ratio (1.988) and very low weight gain, which may explain the large improvements in performance they observed after dietary supplementation with phytase.
Similarly to the present findings, dietary phytase supplementation has been reported to result in either no change (Camden et al., 2001; Ravindran et al., 2008) or a small increase in AME (Shirley and Edwards, 2003; Santos et al., 2008) , the latter most likely due to the increased amino acid digestibility.
Toe Ash, BMC, and BMD
In the present study, dietary phytase supplementation increased BMC and BMD by 35% and 24%, respectively, with dietary phytase supplementation such that the BMC and BMD for the phytase-supplemented low-P diet was equal to that for an adequate-P diet. Few studies have examined the effect of dietary microbial phytase on BMD. However, Angel et al. (2006) reported that supplementation of a low-P corn-soybean diet with phytase (600 U/kg of Ronozyme P (CT)) resulted in tibia BMD of 49-d-old broilers similar to that of birds receiving an adequate-P diet.
Phosphorus
Similar to that observed in the present study, Camden et al. (2001) reported an increase in ileal phytate degradability from 22% for an unsupplemented low-P diet to 45 to 53% after phytase supplementation (250-1,000 U/kg). However, much lower ileal phytate P disappearance values (21%) from low-P corn-soybean meal diets has been reported even after phytase supplementation (500-750 U/kg; Rutherfurd et al., 2004a) .
The increase in true ileal total P absorption observed in the present study (11-14%) is similar to the 5 to 21% increases in ileal total P absorption after supplementation with 250 to 1,200 U/kg of phytase reported in several studies (Denbow et al., 1998; Um et al., 2000; Camden et al., 2001; Rutherfurd et al., 2004a; Cowieson and Adeola, 2005; Santos et al., 2008) . Aureli et al. (2011) reported a much higher increase in total P utilization with supplementation of the low-P corn-soybean meal diet with the 500 to 2,000 U/kg of the same phytase examined in the present study possibly due to a much lower P content in the low-P diet used by Aureli et al. (2011) as compared with that used in the present study.
It is also of note that for each of the phytase levels tested in the present study, the ileal phytate P and total P absorption and ileal absorbed phytate P and total P content did not increase with increasing dietary phytase concentration. This latter finding is consistent with that of Aureli et al. (2011) , who showed that with the same phytase and similar diets that apparent total P utilization begins to plateau at a dietary phytase activity of approximately 1,000 U/kg.
The reported impact of dietary phytase on the availability of phytate P varies markedly across studies. This variation is largely due to differences in experimental design, analytical methods, diet composition and processing, and the age and breed of the chickens (Angel et al., 2002) . Overall, in the present study, dietary phytase inclusion led to improvements in ileal phytate P and total P absorption that appeared to be similar to observations reported by the majority of other workers, even taking into account the generally higher dietary phytase activity used in the present study in comparison with other reports.
